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I. Introduction

This article is in sequel to our investigation(!! of the evolution of type II Neveu~
Schwarz-Ramond superstring(® in the background of the graviton and antisymmetric
tensor fields®) within the first quantized framework. We have obtained the constraints
and their classical algebras in a systematic manner in I. Furthermore, we have pre-
sented the classical BRST charge which is nilpotent by construction. The purpose
of the pr esent paper is to derive the consequences of the nilpotency of the quantum
BRST charge. As is weil known, all string theories are required to be conformally
invariant and this condition imposes stringent constraints on the background field
configurations when we consider evolution of strings in the presence of background
fields." One of the ways to impose conformal invariance is to demand the vanishing of
the associated A—functions of the theory!® which in turn corresponds to the equations
of motion satisfied by the background fields. On the other hand, a more transparent
and algebraic way of imposing conformal invariance on the theory is to demand the
nilpotency of the quantum BRST charge.!® Indeed, the nilpotency of the quantum
BRST charge guarantees that all unphysical degrees of freedom are decoupled from
the theory, ensuring the unitarity of the S-matrix. The critical dimension, 4 = 10,
and the intercepts are derived in an elegant manner in the case of the free N-S-R su-
perstring if we demand Q}zsr = 0 at the quantum level. As we shall demonstrate in
Section IV, for the interacting case, the nilpotency condition leads to the equations of
motion for the background fields in addition to providing the critical dimensions and
the intercepts appropriate to the choice of the boundary condition for the world—sheet

fermions.

We may observe here that, whereas the quantum superconformal algebra (nilpo-
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tency of the quantum BRST charge) for the free N-S-R string yields a c-number
anomaly, the interacting N-S-R string (string propagating in nontrivial backgrounds)
gives rise to g—number anomalies. The existence of such g-number anomalies have
been noticed in the context of a bosonic string!?) propagating in arbitrary background
fields and in the case of a type II superstring®® in a curved background without torsion.
However, these g-number anomalies disappear on-shell, i.e., when the backgrounds

satisfy equations of motion. The present work generalizes the results of refs. 7 and 8.

At this point, some technical remarks are in order. We follow the Batalin, Fradkin
and Vilkovisky!® phase-space Hamiltonian formalism in order to obtain the expression
for the BRST charge from the algebra of constraints. The details of the calculations
can be found in [. We shall follow the normal ordering prescription similar to ref, 7
with suitable generalization to include the world-sheet fermions. Furthermore, we
have adopted the weak field approximation scheme for the target manifold metric
and the antisymmetric tensor field in order to facilitate the computation®® of the

nilpotency of the BRST charge.

The paper is organized as follows: In Section II, we briefly describe the Batalin—
Fradkin—Vilkovisky (BFV) formalism for the construction of the BRST charge. In
Section III, we identify the generators of the superconformal algebra and define the
quantum operators in the weak field approximation. Section IV deals with BFV-
BRST quantization of the free N-S-R string and the consequences of the nilpotency
of BRST charge for the free superstring. We consider the case of an interacting
string in Section V and obtain the equations of motion for the background fields from
Q%ppsr = 0. The summary and conclusions of our work is contained in Section VL.
Our notational convention is given in Appendix A and Appendix B contains some

steps of calculations of Section IV and Section V for elucidation.
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II. The BFV-Formalism for Construction of Qggsy

Batalin, Fradkin and Vilkovisky® have provided a prescription for constructing
the BRST charge for a system with a set of first class constraints {¢,} satisfying the

closed algebra
{#atn} = Uit (2.1)

{Ho,00} = Voo, (2.2)

where ¢,’s are fermionic or bosonic constraints. US, and V? are structure constants

and Hj is the canonical Hamiltonian. The BRST charge is given by

1
@ BRST = P71 + 5(—1)"'PcU:bﬂ°ﬂb (2.3)

Here * and P, are the phase—space variable and their Grassmann characters are
n P

opposite to that of ¢,. They satisfy

{rn} =6 (2.4)

and n, = 0(1) for ¢, bosonic (fermionic). @grsr as defined in (2.3) is nilpotent by

construction at the classical level, i.e., QL per = 0.

The physical states are projected out through the following relation
Qsrstphys >=10 (2.5)
provided, at the quantum level, we still have
Q% psristate >=0 (2.6)

Here Q is the quantum charge. We have seen in I that the classical superconformal

algebra closes for the N-S-R string without any anomaly.
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III. Super Conformal Algebra for the N-S-R String and the

Quantum Operators

The gauge fixed Lagrangian for the N-S-R string in arbitrary background is given
byt

L = %nw FX‘B,,X"G,—,-(X)+%e“”B;,-(X)B,,X"B,,X"

1 —

+ ¥ (8.9 + TL8,X*9Y) Gy(X)
- *iiT.' +V P s B8, Xk — i&'u?%bkaj?/’z
16x " # 1277
k e 2 . — .
= e DTV s’ - o G T Tjen¥ ps¥* e’ (3.1)

Tijx is the field strength associated with B;;(X). We have chosen the orthonormal

gauge

€Cap = Tau
Xa = O (3.2)

€. being the Zweibein and x,, is the world—sheet gravitino. The Lagrangian (3.1) is

invariant under the 2-dimensional global supersymmetry transformations
X' = -

sy

. i i S d ko i
108, X e + Ty (e9?) + =G T (¥ psv*) € (3.3)

Here € is the infinitesimal fermionic parameter. The generators of the superconformal

transformations are

T,y = [Gij(X)3+Xi3+Xj + 293 (napdr 92

[N ]
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1 .
— wipd, Xy8) - -Z—RS}Mwwie#i]

T = % Gi;0_Xi0_ X" + 2ip(nan0sp®
- w250, X'%?) ~ S R4 phyt (3.4)

J. o= U(X)3+XJ¢+ t3k¢+¢+¢k
J. = Guy{X)a_ Xy + —T,,,.«p* viyk (3.5)

and 8: = 3; £ 8,,%% = {1 F ps)¥* and ¢ = Ei(X)¢4; E? being the vielbein of

the target manifold. The spin connections

o k
wils = —E,-AE%;E’B — Tl BiaBh + - T4E;aE}
8 . . k .
wilp = ~Eiagz:Es - TLE;4Ep — é;ﬂ’,EjAEfg (3.6)

The generalized curvatures are defined as

a a c c
R4 = 3x;,w1(!.l)m 6X¢w£14)13+w£141cw(1) B~ (1) WEI) (3.7)

Similarly R( )., is defined by replacing w( ). with w{2)_ in the above equation (3.7).
Bkt AB i,AB

The canonical momenta conjugate to X* and %, are defined as

aL .k
Pi = BXI = GU(X)XJ + é;B.;(X)X” + 'ﬁ[’ ¢f 52)[3
1
- §1¢’i¢fw|(l.ls
gL i
Hi,' = 6¢‘ = i§¢iG,J(X) (3.8)
+

The fundamental brackets are

{(X©),B)} = &6~
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{v8@), 980} = #n*®5(0 - o) (39)

The second bracket in {3.9) is actually the Dirac bracket where we have taken into
account the nature of the second class constraint in the definition of the fermion
canonical momentum. Note that the constraints defined in (3.4) and (3.5) satisfy the

algebra (classical PB relations)

{Ji (e,7),Js (', T) } = FlUTiié(ec—0")
{Tﬂ (0,7), Je (cr’,r)} = £ (2s(oy7) + Ji (7)) B8 (0 — o)

{Ti:i: (0,7), Tes (0":7)} = & (Tix{0y7) + Tes (0',7)) 86 (0 — ') (3.10)

and all other brackets vanish.

In order to calculate the quantum algebra of the above generators, we go over to

the interaction representation. In the interaction representation

X' = PV

Oy = t%xbim; (3.11)
Therefore,

17r-. .. . , L k.. .
T., = §[X'X’Gu+2X.-X"-I-X"X"Gij - 5-GY B Xi X"

k? - : ABE (7.0 o x5
+ gz BuG Brn XX — ity (X0 + X)) wll)s

: i ey L iR .
+itetuils (67 + X) + T telulls BuGY X!

ik 1 .
~ vl BuGH X"
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1

e e e L2 P I e e T Ry I M e
pAYEYey Pl pulidnGY — piulv v ullpullsGY)

+ 108 (ran0,92 — wfa X 9B) - 2 RELW Wl whu] (3.12)

k

T = 3 [X XIGy = 2Xi X" + Gy X XY — =GV B XX

k2 im <t v . i iy
+ g BT XX - ipdy? (X:G% — X)) w(ly

+ il 51“)‘3 (X,-G" - XJ) + aﬁbflf"fwg'.z)wBMGk’X"

k
B BucH X

1
- Z(‘vbf'/’f‘/’(—:ﬁb? ﬂswg.’c)-n +1/’ foIlBW%D
- ¢z ¢’B¢c Dwfﬂawg.%p 11’: f Dwz(ljswgzg' )Gﬁ
+ ipd (nas0od? - wflpX92) - RO ()

T k 4
.I+ = ‘(/J_ﬁE:i [Xka‘ + (G,‘j — Z;B.’j) X"

1
- §¢E¢Ew520+ ¢f¢f EIE)C]'*‘ s1k¢+¢+¢'+ (3-14)
T k oy
Jo = ¢fEQ[X*GH—(G;,-+1;B,-,-) X"—%'Jlflbfwggc
ik .
+ *¢f¢f Egc] mT.’jufJ'_tb'l?#f (3.15)

Now we proceed to express the generators in the weak field approximation

1
Eia = ﬂiA+§hiA(X)
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s3]
[
H
©n
™

|

|
=
hﬂ-
—
s

(3.16)

and keep terms linear in A;; and b;; in the expansions. Furthermore, all target mani-

fold world indices are raised and lowered by the flat metric 7/ and #;; in what follows.

The spin connections and curvatures take the following form in the linearized approx-

imation
w(l)lin. :']'-" 3zp +-k—8b¢ -8 pii 5“5!
I,AB 2 m: 4“_ 1 m m 1 AYE
n. k
RON™ = (8:010x; — 849;pu + Bipjt — 8;0up1i)

where

k

pii(X) = ~hii(X) + —bis(X)

The linearized form of the generators are

i . 1 i i
T,, = EP; Pimi; + u/:faﬂbfnua + "P-‘.fP+P3

- ,’w(z)"“ ¢m,¢,t P' Eﬂml;ﬂ ,llbi (P+ + P_)“

2

1

—_ ZR(I)’”" ¢l ¢J’ ¢+,¢+

) R .
T.. = SPIPIn;+ ipA8,9 n4p + %PijP:.Pi

{in. N
+ i YTYL P — g

~ RNyt

Sl ymgt (P + Py

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)
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. A ST
Jio= ‘tbipiﬂ.dj + é;‘b"ﬂbi}’:_ + —P.'j¢+P_J.

. (Z)f:ﬂ ¢+¢m¢l + s (l)llﬂ _¢’+¢?_¢'+

'k
+ o Tam T, (3.23)
Api k i pi i pi
J_o = ¢-P ﬂAJ+ lJ¢—P- _pij¢—P+
— ety + fulli et
zk
+ 321/) Piypk (3.24)

The generators can be expanded in Fourier series, the fourier modes are defined as

follows
L = % g-z Typ ™ (3.25)
L= ~% %;i T 7™ (3.26)
G = ﬁ -f:;"i (T m (3.27)
Gm = . E S (3.28)

Vn

with z = ¢ and 7 is its complex conjugate. The operators appearing in the definition
of the generators are normal ordered. The normal ordering prescriptions for the
Fubini-Veneziano fields 'Y Pi = (X' + X"') and the fermions are given in Appendix
B.

IV. Nilpotency of Qggsr for the Free N-S—-R. String

In this section we present the consequence of the nilpotency of QBRST for the

free N-S-R string and derive the well-known results on the critical dimensions and
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intercept.'?! The computation is carried out in terms of the Fubini-Veneziano fields
and the world- -sheet fermions. This calculation sets the stage for the computation
of Q%RST for the superstring in a nontrivial background in Section V. Notice that the
superconformal algebra (3.10) for the interacting string is the same as that of the free
string (at the classical level). Therefore, the pure ghost sector of the BRST charge
is the same in both the cases. Therefore, the computation of QzBRST = 0 provides us

some insight for our next step.

The BRST charge is

QBRsT = fdd [T++T,'+ + T g+ J A+ JAC
+ Prlonins — P_8m-n- +1PrAL A,
. 1
— P_AAL+ §C+'\+3a71+ + (40 A 4

1
— (_B8A_n_ ~ 5(..)\_8,17_ (4.1)
The form of @ggrst in {4.1) is evident from the discussion of Section II on BFV for-
malism and the superconformal algebra (3.10). Here 74, P: are the fermionic ghosts
and their conjugate momenta associated with the bosonic constraints T-1. Similarly,

Az and {4 are the bosonic ghosts and their conjugate momenta corresponding to the

supercharge densities J.. The fundamental Poisson bracket relations are
{1, Pe )} = {n- (2,2 | =5 - 2) (4.2)
Deea@l =i} =66-2 (4.3)

and all other PB are zero. The mode expansion of the ghosts are

n+(z) = Zw Mnz™"

ns=—o



11—

+o0
> TaE "
n=-—oo

i +ova
ﬂ Z pﬂz—n

n=-—0oo

1 =
—_— n'z—‘"

2

Nn=-—=o0

+o0
Z Az "

n==-—0o

i +oo
R z"“
2 2,

. +oo

' FF —=n
— F4
2r i
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(4.4)

(4.5)

useful to write the BRST charge in a modified form which simplifies subsequent

computations.

: @BRST :

where we have defined

+o00

b Y (L + Tofn + Gadn + Galda)

n=—oo

: z Z [mpnnmﬂuﬂ—m + mﬁﬂﬁmﬁ—-ﬂ—m

pnAm/\—ﬂ-m + %(m - n)CnAmn—n—m

(= WA

L" - C\E(snlo

Iﬂ - 66n,0

(4.6)

(4.7)
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in order to take into account the ambiguity in the definitions of Ly and Ly. The con-

stants a and @ (intercepts) will be eventually determined when we demand Q% pop =

0. The modes of the ghosts satisfy quantum relations

[ﬂﬂ ’ Pm] - [ﬁﬂ, :ij] = 6m.—n
+

4

Dnstn] = [nsTa] =bnm

The generators of the free N-S-R string are

L = o f T [PLPng + vd0. s
IV = o f T [SPLPin + ipA04nas)
GO = 7-12_:1 —gz”‘:wil’{nﬁz
& = —# gz"‘:wPinu:

and they satisfy the quantum super—Virasoro algebra
1
[Gg"], GS‘O)]-’- = 2L,(£l_n + Edm25m+n'o

[L,(,:), GLO)]_ = (% - n) G,(.:ln

and using the Jacobi identity

6, (60,10] |+ [, [e,60] |
_ N

+

+ [69,[60,69] | =0
BERY

we get

d 3
(L, 20] = (m = n) LA + —Eman

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)
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Similar algebra holds for Z.) and G\). Note that all other brackets vanish. Now it is

easy to compute : Q% sy : given the commutation/anticommutation relations among

the generators.

3@5331‘ oy QBRST iL
= 2:Q%:gRsr
= L (d=10) ¥ 0¥ + = (d — 10 + 18a) 3 n7_u7m
8 - 8
1
+ 5 (d=10)3"n*A_ A0 +2a ) AnA,

1 1
+ 5 (@=10)3 n'_ o7, + 3 (d - 10+ 168) 3 n7_,7,

+ % (d—10)Y n*XA_dn +203 A, (4.14)

It is evident from (4.14) that QBRST is nilpotent only if d = 10 and a = 7 = 0. Notice
that we have taken the Ramond boundary condition for the world—sheet fermions.
The same procedure could be followed for the Neveu-Schwarz fermions satisfying

antiperiodic condition and we get d = 10 and &« = # = 1/2 in this case from :

QZBRST := 0.

V. The Interacting Neveu—Schwartz—Ramond String

Now we are in a position to investigate the consequences of the nilpotency of the
BRST charge for the N-S-R string in a nontrivial background. The generators of the
superconformal transformation defined in eqs. (3.24)-(3.27) can be decomposed as a

sum of two terms

G = GO 4 G (5.1)
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Gn =G0 1 G0 (5.2)
Ly = L9 4+ L) (5.3)
I =I9 4+ I (5.4)

where G(O),E(O), L® and T correspond to the generators defined in eq. (4.9) and

1 dz . [k ipi 1 i pi
Gl = 7_-7; =z :[g;bij(x)¢ip++§pii(x)¢+Pf‘
- 2 (2)hﬂ ¢+,¢,n ,¢,C (1)1"‘ ¢+¢+1’b+
ik hn ¢
+ o YRR (5.5)
1 dz k ipi , L i pi
v - __.__\/_W § o [S—Wb,-,-(X);b’_P_ + i (X)L P
- gullmeienet + ullm et eyl
ik
+ 24 hn w: ¢n,¢t] . (56)
+ 2 (l)lm ¢+¢+ (Pu +P')
1 . ‘
. ZR(l)t " ¢k¢+,¢,+] . {(5.7)
1 rdz in. i
I(ml) = Ton ___—m [szP‘P‘ (1)[ ¢+¢+P
o, 2 (2)’"’* ¢ﬂ¢£ (Pl +Pl)
1 R(L)tin.

- :Jkl ‘(lb ¢J '¢'+‘¢’+] . (58)
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Now on we choose Ramond (periodic) boundary condition for the world—sheet fermions.

The Fourier expansion of the backgrounds are

D
bij(X) (j ;JD le( ) P X (5'9)
dPp 5 X

pii(X) = (2m)P ——5Pii(p) i e (5.10)

The Fourier expansions of connections, antisymmetric field strength and the curvature

are
(l)lm _ E de [ . ik_ ‘ o ' ] X
Wi my = 5 / (ZTF)D 1P£Pm‘(P) + 47rpsbtm(p) ‘.'.pmp,_,(p) v e . (5_11)
winy™ = ik 1 ) . i X
,ml - 2 ./ 211').0 {1P!P|m(p) + —plblm(b) 1Pmp.z(p)] et (5.12)
tin. d°p , _ o
Timi = / —(21r) [W.bmz(}‘) + ipmbu(p) + ngb.-m(p)J e : (5.13)
e ]

D s
I [ — Piptpr;(P) + prpipin(p) — Prpirie(p) + P:‘Ptﬂk:’(?)] te'? X (5.14)

Now we are in a position to compute the algebra of G, G,y Ly and I,,. Note that
the brackets involving G, Gm; Gm, Zm and Ly, L vanish at the classical level and
such is the case for the free N-S-R string. However, the quantum brackets do not
vanish in the interacting case giving rise to anomalies. We need to compute the

following set of quantum brackets

[Gm,GﬂJ = [GL?J,GS“’)] + {GS,?J,GS)] + [Ggl,cﬁg)} (5.15)

- + + +
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[Lm,Gﬂl = [Lg’l,cgﬂ] +[L§,,?),G,3J] +[L$3,),Gg°)] (5.16)

[G,,,,E,, - [Ggg),aff"J +[G$3),E‘,3’] +[G£;),ai°’] (5.17)
+ + + +

(LmsGa| = [20,G0] + [20,57] - [10,50] (5.18)

We have retained only linear terms in the background fields on the right hand side of
egs. (5.15)-(5.18). Notice that the first term of eqs. (5.15) and (5.16) are given by
egs. (4.10) and {4.11) and the first term in each of the equations (5.17) and (5.18) van-

ish. However, terms such as {Gﬁf:),f;‘f‘”] ,[Gg),do)] ,[Lf_,?),af:)] and [LS,}),EE”}
+ +

do not vanish automatically. Note that in the computation of the anticommutator
of Qaasr with itself we will have to compute the commutators/anticommutators in-
volving L, Lm, Gmand Gy, and the ghost fields. As mentioned earlier, the structure
of the BRST charge in the ghost sector is the same for free as well as interacting
N-S-R string. Therefore, it follows from the algebra of the “zeroth” order generators
and the pure ghost sectors that critical dimension is ten, d = 10, and a = 3 = 0 for
the Ramond boundary conditions. Now we are left with the task of computing the
commutators/anticommutators of the generators involving zeroeth order and the first
order terms in the background fields. It is a tedious but straightforward calculation.
The computation involving the last two terms in equations (5.15) through (5.18) are
presented below in the final form. Some of the steps involved in these computations

are given in Appendix B.

69,60] + 6w, 6

+ +

1/ k rde d .
28+ 5 (55 F e~ (X () UT () £ 272 (2 4+ 2)

O (X ()BT ()WL () ™ (2 4 2)
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+ 6‘:‘:1'2 f %z:{ — by (X(z'))",bT (E)'d)t_ (z): ™ i (z+2)

— O (X (YT () (F) 2 e+ 2)] ) (5.19)

29,60 + [z, 6]

= (F-n) 8+ s (Gm f o] Pt XN T () PE ) et

2 64r2 J 1z’ dz e
_1_ el _ 4 ' £ty ., m—1 m+!]
+ 16wfzz‘dz[ & pim (X () 9L (') PE(2') 1 2™ 702 e
1 dz' d A 2 ik 2 ) 2 ) .
wten [ ( 1008 pam — =040%bmet +10m3pet | (X (2'))
P (VY™ () ¥ () : zm+lzrn+2]
1 dz' d[ , .. .o - o ’
+ 9613 f;;;;;[ . (_‘7'613 qu — laqa bmz + 19 bqg) (X (z ))
93 ()97 () i (') =zm_lzm+2] s
1 ! £ ] z ’ . .m '
* 327r tz’dz[ 8 pme (X ()47 (2 )(P+(z)+P-(z))-3 2™ (z+2) .
dz' d 2 o o , )
B 321r tz’dz[ ( 19m8%pie (X (2')) — 10:8" piem (X ()
YT () YL ()P () : 2 "‘(z+z)]“) (5.20)
[G(o),aﬂ)] 4 [Gm,@(m]
m n + ™m n +
= —.1.(___1_ dZ'Z [ _g p (X (Z’)) ‘l,bm (—z-l) ’l,bt (z!) . gmtl s (Z + Z')]
2\16wx J 1Z¥ d=z &m - +
1 dz

- f T P X @) e+ ] ) G

16w J iz
[Lg),—@(nt))] [L(o) ra%.
k

3l
FEnd[ (-

1z

1
B 2\/5(167r=
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. i8,0%m — iamaﬂbql) (X ()92 ()™ () L () : zm-lz”]

&
- f i"-—"‘—z'"i[: (— 100%pmq ~ ‘—Waqa%,m

=zt

16r J 17 dz 4
- ia,,.a’p,,) (X (DL ()T ()91 (2) - 2"‘“‘2"] -
t g f sl (C P X)) a4 7]
N % i:—::zm%[ : ( —i0.0% (X (2')) — 1907 pui (X (z’)))
¥l (F) 9* () vl () :z"‘-‘z(z+z’)]z=") (5.22)

Notice that X* is a function of both z and 7 and we have not exhibited the explicit
Z dependence for notational simplicity. The derivatives, acting on the linearized
background fields, such as 8, and 8% are to be understood as %; and aTc?'T;Tr?"ij
respectively. We have not explicitly displayed the terms whose coefficients are d,p‘™

and 8mp"™ in equations (5.19)~(5.22) since these terms disappear when we impose

the transversality conditions on the massless backgrounds.
B1p'™ = 8p™ =10 (5.23)

The computation of : Q% s : essentially involves the quantum superconformal al-
gebra. It is worthwhile to point out that the algebras presented in (3.19)-{5.22)

demonstrate the existence of g-number anomalies. These anomalies vanish when
3% =0 (5.24)

together with the transversality condition (5.23) satisfied by the linearized background
fields. In other words, the quantum BRST charge is nilpotent when the massless
excitations of the string are transverse and they satisfy the equations of motion along

with the requirements of critical dimensions and intercepts,i.e. d = 10 and a = 8 = 0.
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VI. Summary and Conclusions

We have studied the propagation of the N-S-R string (closed type II) propagating
in an arbitrary background and have quantized the theory following the formalism of
BFV. We have only considered graviton and antisymmetric tensor background; how-
ever, our procedure can be extended easily to account for the dilaton background. As
was demonstrated explicitly in I, the N-S-R string satisfies classical superconformal
algebra in the presence of arbitrary massless background fields. However, when we
compute the quantum superconformal algebra in the weak field linearized approxi-
mation, we encounter both e-number and ¢g-number anomalies. The nilpotency of
the BRST charge forces us to have a ten dimensional space time with zero intercept
for the Ramond boundary conditions in the case of free NSR string. In the pro-
cess of this computation we find that the super-Virasoro algebras give rise to new
g—number anomalies mentioned earlier. These anomalies disappear when the mass-
less backgrounds satisfy transversality condition and the equations of motion, besides
the requirement of critical dimension and zero intercept condition which remove the
c-number anomalies. Thus, the background encitations are not allowed to propagate
in any arbitrary configurations and the mass-shell and transversality conditions are
imposed as a consequence of superconformal invariance, i.e. : Q%o i= 0. We have
carried out the calculation with Ramond fermions; however, the same technique is
applicable to the Neveu-Schwarz fermions and computation simplifies considerably

due to the absence of zero modes for the fermion sector.
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Appendix A
Notations and conventions:

Greek alphabets u,v, etc. are world sheet indices. The indices ¢,7,:-- are the
target manifold world indices and A, B,--- denote thetangent space indices in the

target manifold. The two-dimensional Dirac matrices are

01
po = 0'1 =
10
0 -1
pl = —ig? =
1 0
1 0
ps = p°p* = (4.1)
0 -1
The charge conjugation matrix C satisfies the relation C = ~CT = —C~?! and we
have C = p'. The connection
C 1
T = EG" (8xGej + 9;Gur — 3(Gjn) | (A.2)

and G;; being the metric in the target manifold. The antisymmetric field strength

tensor 1s

Tijx = (8 B;j + 8,Bji, + 8; Bii) (A.3)
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The Riemann curvature tensor is
Rj-u = 8¢I‘j-,. - 6;,I‘_‘;-¢ + F;’,‘,I‘fd - F;-’El"im (A.4)

Our metric convention is (+, —) for the world—sheet and (4, —, —,---) for the space

time and €% = 1.
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Appendix B

Here we summarize the essential results that allow us computations in the inter-

action representation. Bosons:

: 1. 1 1, . _ .,
X (oyT)=¢" + ’2'P'T + = E - (a:‘g'"‘(""*") + a:‘e—iﬂ(-r-cr))

2'1#011.

Pi(r=0,0)= (X + X*) (r=0,0) = 1P+ T o™

P_(r=0,0)=(X'-X"*)(r=0,0)= %P‘+Zai'f‘"

with z = ¢, The canonical commutation relations lead to
[qi$Pf] = 6;

[a;!a":n] = [&‘":aﬂm] = "‘+",0"7ﬁ

World—sheet fermions: i) Ramond sector (periodic boundary condition).

ph =1 (rA +VIY d;fz"')

2 n#0

with

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)

(B.9)
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oA e8] = [BhBa] | = memor®? (B.10)
+ +
Normal ordering prescriptions.

z2'

PL()PL() = PL(PL(2) s i el > 12! (B.11)

e

P (2) =t P (F) : 4o, [2] > |2 (B.12)

(?)

i th-X (2,7 T X7 kiz' et 'z
Pi(z): e XEF) 1o pi(g)efe X (&, ):+-2-(—:;,—)-- *XET) 12> |2 (B.13)

ih-X (25 5 ik-X(2',2') pi 'k etk X (=7
: @M XET) L pi(g) = g X, )P+(z):—m: X 1 > |7 (B14)

{ ik-X(z' 2 N i '3 kz ik-X (2,2 >
PL(E):E"EX( ) =P (Z) hX(=F) +m:ek‘r( ! ):,lz|> |E‘l (B.15)

ih-X(z'3' L ik X (Y pi (= Kz ik X (27 =
: eFXEE) ; Pi(z) = g X )P’(Z):_——2(E-—‘z“) : *XEE) 17 > (7| (B.16)

Above relations hold good for bosons. Now for fermions.

a) Ramond sector

BAEIEG) = WAGWEE) : + g e e > 1 (Ba)
HAEE) =R @V E) - > ] (Bas)
b) Neveu-Schwarz sector
1
VAR () = AR () : 45020 phB o> 1 (B19)

Tzma)"

Ay B (7)1 4
V2 (Z)pE(Z) = 92 (2)¥E (7)) : - A=) B

Now we can compute the commutation/anticommutation relations involving any gen-

12 > |#) (B.20)

erator with the aid of the normal ordering prescriptions (B.11) - {B.20). Let us look



at
om]
+

as an example.

GO = \/_ f

{0)(0) ___}{_ m
Gn'Gn 271 J iz £
zz' g
(z—2)
+M

z=2)"

+

AB

4(z

where d is the space-time dimensions.

= [G,(-,?), GS‘IO)]
+
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+ [GSP,GS,‘)] + [G,(,:), 6]
+

+

'/’+ Z)P’ (2) : a4i

4 o] (o) P mact B P

1z!
n Ibf(z)ibf(z')%msj :

: PL(2)Pi(2') : nains;

z + Z
zu)a

d| for ls> 12 (B.21)

Similarly, we can obtain an expression for

G®G(O). Then it is straightforward to calculate the [Gs,'f), GSPL using the method

of residues which gives (4.10). In order to compute [G,(.f), GE“)]_*_, we need to define

first the product

e = L f el [
G’ Gr T 2xd 12!

k

+3=bei(p) : €FFETIYLPI(S) 5 Pq:(?) e Xy (51 P

A REIOL IO

2(7) :

—é{ipep,-m(m—"p,-bm() "Pmﬂ:z(?)} T Xyl (MY (F)E (F) :

+" ("PIPMJ(P)J" kPJbIM( ) — 'Pmp-‘!J(P)) e X )1#1_(2')';1)'"(2')#7:_(2'):

+% {ip;bme(P) + 1Pmbej(p) + ipebim(p)} : €7 X TP (2 V(2 Wi (') )] 2| > |2/|

(B.22)
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We shall demonstrate how the contraction of a single term takes place in (B.22) as

an example.

AP 14 bes(p) : P X EIPLPI)

k

= & o HAPIrase X ()P :

(z+2)

. pi ipr X (2,3 . oy Ad
+ 3 P+(Z)Bp‘ ( )Pf_(z') SNAiT Jm

DAL g X (2 E) o d main'iz2
+ 1 92(2)eP XYl (1) (z -2y
Piy
2(z — z')
(z=—2')

+ () T (2P

X (s Piz'(z+ 2")
. i X(2,Z . AF T+
b TR () e IS (8.23)
Similar contraction is carried out for all other terms in (B.22) and finally [GS,?), GE)L

and [Gﬂ),G,(,?)L are computed.
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